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Abstract

Mono- and diacylglycerols (MG/DG) of fatty acids (FA), known as emulsifiers of the type E 471, are food additives used
to adjust techno-functional properties of various foodstuffs. These emulsifiers, however, are not defined single compounds
but comprise, in addition to MG and DG, other constituents such as FA, triacylglycerols (TG), and glycerol. Although the
emulsifiers’ compositions affect techno-functional properties of the food, knowledge of the composition is scarcely available,
and the emulsifiers and their dosage are generally chosen empirically. Thus, a simple and rather inexpensive method for the
simultaneous determination of FA, 1-MG, 2-MG, 1,2-DG, 1,3-DG, and TG by high-performance liquid chromatography—
mass spectrometry including a straightforward quantitation strategy has been developed. Reversed-phase chromatography
with gradient elution offered adequate separation of 29 considered analytes within 21 peaks, while mass-selective detection
provided their unequivocal identification. The quantitation strategy based on calibration just with the C16:0 representatives
of each lipid class and a corresponding response factor system has proven to provide reliable results. The determined concen-
trations of different mixtures comprising varying compositions and concentrations of C16:0, C18:0, and C18:1 components
of each lipid class deviated <20% (n =351) from the respective target concentrations. Limits of decision were determined to
0.3-0.8 mg/L and limits of quantitation to 0.8—1.7 mg/L, expressed as C16:0 representatives. Application of the method to
various E 471 emulsifiers provided detailed data on their chemical compositions, and calculated FA compositions matched
very well those determined by common methods such as gas chromatography with flame ionization detection.

Keywords E 471 food emulsifiers - Monoacylglycerols - Diacylglycerols - Triacylglycerols - Fatty acids - Reversed-phase
high-performance liquid chromatography—mass spectrometry (RP HPLC-MS)

Introduction

Mono- and diacylglycerols (MG/DG) of fatty acids (FA) are
food additives with the E number 471 that are used due to
their surface-active characteristics as emulsifiers in various
food to regulate and stabilize techno-functional properties.
According to Commission Regulation (EU) No 231/2012,
E 471 emulsifiers are, by definition, MG and DG of FA that
“consist of mixtures of glycerol mono-, di- and triesters of
fatty acids occurring in food oils and fats. They may contain
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small amounts of free fatty acids and glycerol” [1]. Moreo-
ver, the amounts of MG and DG in the emulsifier must not
be less than 70% [1]. As per Regulation (EC) No 1333/2008
on food additives, E 471 emulsifiers are allowed to be added
without a maximum level, i.e., quantum satis [2], to many
foodstuffs, e.g., cream and cream powder products, jam and
similar products, or pasta. However, for some products, such
as food for babies and infants, maximum levels are set [2].
Usually, E 471 emulsifiers are technically produced by
transesterification of triacylglycerols (TG) or by esteri-
fication of FA with glycerol. Both reactions are scarcely
controllable, resulting in products comprising mixtures of
MG, DG, but also glycerol, TG, FA, and further residues
from the production [3]. Despite the fact that MG can
be enriched by molecular distillation to contents >95%
[3], E 471 emulsifiers are still not defined substances but
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complex mixtures and differ in composition depending
upon the producer.

The addition of food emulsifiers to aerosol whipping
cream, desserts, or ice cream often takes place for stabiliz-
ing, adjusting, or improving techno-functional properties
such as viscosity or foam consistency [3]. Due to the widely
varying and often unknown composition, however, the emul-
sifiers and their dosage are frequently chosen empirically.
Since it is known that compositional variations can affect
the food’s techno-functional properties, as recently shown
for aerosol whipping cream [4], the analysis of the emulsi-
fier’s composition and its relation to the desired properties
in foodstuffs is of high interest to guarantee a consistently
high food quality.

Various methods are available for the analysis of MG,
DG, TG, and FA. On the one hand, analysis by high-per-
formance liquid chromatography (HPLC) [5-8], often cou-
pled with detection by mass spectrometry (MS) [9—-14], was
applied. On the other hand, the lipid classes were analyzed
after derivatization by gas chromatography (GC) with flame
ionization or MS detection [15-18]. Commonly, FA were
analyzed as methyl esters by GC with flame ionization
detection (FID) [19, 20]. Mostly, however, these methods
did not target all lipid classes mentioned at once. A method
by HPLC coupled with a quadrupole time-of-flight tandem
mass spectrometer via lectrospray ionization ESI-Q-ToF)
was reported for the simultaneous analysis of free FA and
acylglycerols, and was successfully applied to characterize
the lipid composition of lipid-containing samples including
dairy samples [21]. Moreover, a screening approach apply-
ing high-performance thin-layer chromatography (HPTLC),
a technique that offers the analysis of multiple samples in
parallel, provided a simple and rapid method for the char-
acterization of E 471 emulsifiers by separation of all lipid
classes [22]. The HPTLC approach included a response fac-
tor (RF) system for the quantitation of the individual lipid
classes as sums [22].

In the present study, a method for the analysis of the lipid
classes with a relatively simple and low-cost HPLC-MS sys-
tem applying a single quadrupole should be developed to pro-
vide an approach that can be used by laboratories equipped
with this more common technique. Moreover, reversed-phase
(RP) chromatography should offer the separation of MG, DG,
TG, and FA in a single run, with the positional isomers of MG
and DG also being separated, while mass spectrometry should
provide sensitive and selective detection of the analytes. An
additional objective of this study should be the development
of a quantitation strategy based on RF allowing the determina-
tion of all analytes with only one representative of each lipid
class for calibration. Finally, the composition of different MG
and MG/DG emulsifiers from the market were studied by the
newly developed method.
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Materials and methods
Chemicals and materials

Acetonitrile (ACN, ultragradient grade for HPLC, min.
99.9%, Chemsolute) was from Th. Geyer (Renningen, Ger-
many) and ammonium formate (NH,HCOO, for LC-MS)
was from Fisher Scientific (Schwerte, Germany). fert-Butyl
methyl ether (TBME, >99.8%, for HPLC, Chromasolv),
formic acid (HCOOH, ~98%, for LC-MS), and iso-pro-
panol (> 99.9%, LC-MS, Chromasolv) were obtained from
Sigma-Aldrich (Steinheim, Germany) and ethanol (abso-
lute, > 99.7%, gradient grade for HPLC, HiPerSolv Chro-
manorm) was purchased from VWR International (Bruch-
sal, Germany). Lauric acid, myristic acid, palmitic acid
(PA), stearic acid, palmitoleic acid, oleic acid (all analyti-
cal standard grade,>99.5%), 1-monolaurin, 1-monomyris-
tin, 1-monopalmitin (1-MP), 1-monostearin, 1-monoolein
(all >99%), 1,2-distearin (>99%), 1,3-diolein (>97%),
trilaurin, trimyristin, tripalmitin (TP), tristearin, and tri-
olein (all >99%) were from Sigma-Aldrich. 2-Monomyris-
tin, 2-monopalmitin (2-MP), 2-monostearin, 2-monoolein
(all>95%), 1,2-dilaurin (>98%), 1,2-dimyristin, 1,2-dipal-
mitin (1,2-DP), 1,3-dilaurin, 1,3-dimyristin, 1,3-dipalmitin
(1,3-DP), and 1,3-distearin (all >99%) were purchased from
Larodan (Malmd, Sweden). Nucleodur Gravity-SB C18 col-
umn (150 mm X 3 mm, 3 um) was from Macherey-Nagel
(Diiren, Germany). Several E 471 emulsifiers (distilled
MG and MG/DG emulsifiers) were provided from different
producers.

Standard solutions

TBME was used as solvent for the preparation of all stand-
ard stock solutions and all dilutions. Individual stock solu-
tions of the lipid classes were prepared at a concentration of
500 mg/L each, resulting in six stock solutions for FA, five
stock solutions for 1-MG, four stock solutions for 2-MG,
four stock solutions for 1,2-DG, five stock solutions for
1,3-DG, and five stock solutions for TG (29 standard stock
solutions in total, Tables 1 and 2). Standard mix solutions,
calibration standards, and solutions for the validation of the
quantitation strategy were prepared by respective mixing and
diluting of the stock solutions (see below).

Standard mix solutions for the determination
of response factors (RF)

To determine the RF, both lipid class-specific standard mix
solutions for each lipid class (six lipid classes, fatty acids
C12:0-C18:1) and standard mix solutions containing all
analytes (total standard mix, 29 analytes) were prepared.
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Table 1 Response factors (RF) of fatty acids (FA) and 1- and 2-mon-
oacylglycerols (1- and 2-MG) with corresponding relative standard
deviations (RSD) and the respective m/z values of the extracted ions,
analyzed in ESI™

Lipid class ~ Substance Peakno.  m/z RF® RSD°
FA Lauric acid 1 199° 14 15.5
Myristic acid 3 227¢ 1.1 10.7
Palmitic acid 5 255° 1.0 ¢
Stearic acid 8 283° 0.6 13.1
Palmitoleic acid 3 253¢ 04 10.6
Oleic acid 5 281 0.3 6.2
1-MG 1-Monolaurin 1 319 3.1 21.7
1-Monomyristin 3 347¢ 2.1 19.2
1-Monopalmitin 5 375 10 A
1-Monostearin 7 403° 1.1 7.0
1-Monoolein 5 401° 04 8.4
2-MG 2-Monomyristin 2 347° 09 17.4
2-Monopalmitin 4 375 10 A
2-Monostearin 6 403¢ 04 7.9
2-Monoolein 4 401° 03 9.2

*For the respective chromatogram, see Fig. 1

PRF related to the respective C16:0 representatives determined from
lipid class-specific standard mixes and total standard mixes with RSD
[%] at concentrations of 2.5-10 mg/L for FA and 1-MG (n=24) and
1-10 mg/L for 2-MG (n=32), respectively

‘Refers to m/z of [M-H]~
dReference substance, no RSD calculable
°Refers to m/z of [M+HCOO]~

Both standard mix solutions had concentrations of 0.5, 1,
2.5, 5, and 10 mg/L, respectively.

Calibration standards

Calibration standards contained only the C16:0 representa-
tives of each lipid class, i.e., PA, 1- and 2-MP, 1,2- and
1,3-DP, and TP. To determine limits of decision and quan-
titation, calibration standards at concentrations from 0.5 to
6.5 mg/L in steps of 0.5 mg/L were evaluated, and limits of
decision and quantitation were determined according to the
protocol of the DIN 32645 calibration graph method (cover-
age factor k=3, confidence level 99%) [23]. Concentrations
of calibration standards for the analysis of emulsifiers were
0.5,1,2,5,and 10 mg/L.

Solutions for validation of the response factor (RF)
quantitation strategy

For the validation of the RF quantitation strategy, solu-
tions containing either C16:0 and C18:0 representatives or
C16:0 and C18:1 representatives of all lipid classes (FA,
1- and 2-MG, 1,2- and 1,3-DG, and TG) in both varying

Table 2 Response factors (RF) of 1,2- and 1,3-diacylglycerols (1,2-
and 1,3-DG) and triacylglycerols (TG) with corresponding rela-
tive standard deviations (RSD) and the respective m/z values of the
extracted ions, analyzed in ESI* (in case of two extracted m/z, the
sum of the peak areas was used for calculations)

Lipid class ~ Substance Peak no.*  mi/z RF® RSDY
1,2-DG 1,2-Dilaurin 10 479¢ 1.6 286
4744
1,2-Dimyristin 12 535°¢ 1.1 17.5
5304
1,2-Dipalmitin 14 592¢ 0o -
587¢
1,2-Distearin 17 648 09 172
6434
1,2-Diolein _f 644c _f
6394
1,3-DG 1,3-Dilaurin 9 479¢ 12 26.1
439¢
1,3-Dimyristin 11 5352 12 17.1
495¢
1,3-Dipalmitin 13 552¢ 1.0 =
592¢
1,3-Distearin 16 6088 08 99
648°
1,3-Diolein 13 6048 09 46
644°
TG Trilaurin 15 6574 12 294
Trimyristin 18 7419 12 215
Tripalmitin 20 g25¢ 10 -®
Tristearin 21 9094 1.7 247
Triolein 19 903¢ 13 147

“For the respective chromatogram, see Fig. 1

PRF related to the respective C16:0 representatives determined from
lipid class-specific standard mixes and total standard mixes with RSD
[%] at concentrations of 0.5-10 mg/L (n=40)

“Refers to m/z of [M+Na]*
Refers to m/z of [M+NH,]*
®Reference substance, no RSD calculable

fStandard substance was not available, coelution with peak no. 14
expected, RF was not determinable

ERefers to m/z of [M+H-H,0]*

compositions and concentrations were considered. Inves-
tigated ratios of C16:0 to C18:0 and C16:0 to C18:1,
respectively, were as follows: 0:100, 25:75, 50:50, 75:25,
and 100:0. The concentration of each lipid class was either
4 mg/L or 8 mg/L, which, taking the ratios into account, led
to concentrations of 1, 2, 3, 4, 6, and 8 mg/L for the respec-
tive C16:0, C18:0, and C18:1 representatives, respectively.
A solution containing, for example, C16:0 and C18:0 rep-
resentatives of the lipid classes at concentrations of 4 mg/L
for each lipid class and a ratio of 25:75 was composed as fol-
lows: 1 mg/L of each C16:0 component (i.e., 1 mg/L of PA,
1- and 2-MP, 1,2- and 1,3-DP, and TP) and 3 mg/L of each
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C18:0 component (i.e., 3 mg/L of stearic acid, 1- and 2-mon-
ostearin, 1,2- and 1,3-distearin, and tristearin). A solution
containing, for example, C16:0 and C18:1 representatives of
the lipid classes at concentrations of 8 mg/L for each lipid
class and a ratio of 75:25 was composed as follows: 6 mg/L
of each C16:0 component (i.e., 6 mg/L of PA, 1- and 2-MP,
1,2- and 1,3-DP, and TP) and 2 mg/L of each C18:1 compo-
nent (i.e., 2 mg/L of oleic acid, 1- and 2-monoolein, 1,2- and
1,3-diolein, and triolein).

High-performance liquid chromatography-mass
spectrometry (HPLC-MS)

The HPLC-MS system consisted of an Agilent 1100 system
(Agilent Technologies, Waldbronn, Germany) with a quater-
nary pump, a vacuum solvent degasser unit, a column oven,
and an autosampler connected to a single quadrupole mass
spectrometer (G6120, Agilent Technologies) equipped with
an ESI interface. RP chromatography on a Nucleodur Grav-
ity-SB C18 column (150 mm X 3 mm, 3 pm) was performed
with ACN including 0.1% HCOOH (eluent A) and 1 mM
NH,HCOQO in iso-propanol (eluent B, prepared by dissolving
NH,HCOO via ultrasonication at 65 °C for about 60 min).
The gradient, at a flow rate of 0.4 mL/min and 25 °C, was as
follows: 100% A (0-5 min), decreased to 80% A (5-20 min),
decreased to 25% A (20-42 min), kept constant at 25% A
(42-55 min), increased to 100% A (55-60 min), and kept
constant at 100% A for 5 min, resulting in a total run time of
65 min. The injection volume was generally 4 pL.. Measure-
ment was performed in the ESI™ mode from O to 9.15 min
for the analysis of FA and MG, and in the ESI* mode from
9.15 to 65 min for the analysis of DG and TG. Total ion
current chromatograms were recorded in scan mode over
a mass range of m/z 160-420 for ESI™ and m/z 200-960
for ESI*, respectively. Ionization was performed apply-
ing a fragmentor voltage of 110 V in the ESI™ mode at a
gain of 5, and a fragmentor voltage of 150 V in the ESI*
mode at a gain of 3. Threshold was 100 and the step size
0.1 for both modes. Spray chamber parameters were as fol-
lows: drying gas temperature 340 °C, drying gas flow rate
10 L/min, nebulizer gas pressure 40 psig, quadrupole tem-
perature 100 °C, and capillary voltage 5 kV. All instruments
were controlled by OpenLAB CDS ChemStation C.01.09
software (Agilent Technologies). The data were evaluated
employing the software MassHunter (B.08.00, Agilent
Technologies) by extracting the respective ion traces (for
m/z values see Tables 1 and 2 and Tables S1 and S2 in the
Online Resource) after translating the data with the LC/SQ
ChemStation to MassHunter Translator (B.04.00, B481.16,
Agilent Technologies). Data evaluation, calculation, and
visualization were performed by Excel 2016 (Microsoft Cor-
poration; Redmond, WA, USA; Microsoft Professional Plus
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2016) and OriginPro (OriginLab Corporation, Northampton,
MA, USA; version: OriginPro 2019).

Analysis of E 471 emulsifiers

The analysis comprised ten E 471 emulsifier samples pro-
vided by different manufacturers, including six distilled MG
and four MG/DG emulsifiers. Determination was performed
by simply dissolving the emulsifiers in a mixture of TBME/
ethanol (1:1, v/v) and diluting with TBME to concentrations
of 5-2000 mg/L prior to HPLC-MS analysis.

Results and discussion

High-performance liquid chromatography-mass
spectrometry (HPLC-MS)

Chromatography

The objective of the method development was the chro-
matographic separation and simultaneous analysis of
C12:0-C18:1 representatives of the lipid classes FA, MG,
DG, and TG, which represent the main components of E 471
emulsifiers, including the separation of positional isomers.
The analysis of glycerides by RP HPLC was commonly
performed with ACN [6, 9, 12] or methanol as eluents [5,
10, 11], when often gradient elution with iso-propanol [5, 6]
or mixtures of iso-propanol and n-hexane [6] was applied.
In some studies, multiple columns were coupled to obtain
a suitable separation of the analytes [6, 9, 12], which, how-
ever, led to long chromatographic analyses (> 100 min). One
study presented an HPLC-MS approach for the analysis of
emulsifiers of the types E 471 and E 472 (esters of MG and
DG) but focused only on MG and DG and did not report the
run time [10]. Another HPLC-MS approach applying RP
HPLC coupled with Q—-ToF-MS via ESI provided the simul-
taneous analysis of FA, MG, DG, and TG in oils and lipid-
containing products in a single chromatographic run with
gradient elution using methanol/water and iso-propanol [21].
Although short chromatographic run times were achieved
with this method, derivatization for the determination of FA
is needed and the method is based on the use of a ToF-MS
which is not necessarily available in every laboratory [21].
In the present study, different spherical phase RP col-
umns with slightly different carbon content and selectiv-
ity of different manufacturers were part of the evaluation,
while gradient elution was performed with methanol and
ACN, respectively, as eluent A and iso-propanol as eluent B.
However, inadequate separation of the positional isomers of
MG and DG was obtained with methanol as eluent A, while
ACN as eluent A offered the separation of these positional
isomers. Moreover, the addition of n-hexane (as suggested
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in [6]) to eluent B was investigated but did not lead to any
improvements. To increase the efficiency of ESI, additives
were investigated. An addition of 0.1% HCOOH to eluent A
and 1 mM NH,HCOO to eluent B showed promising intensi-
ties for all lipid classes and was therefore used for further
optimization. Additionally, the chromatographic separation
of the positional isomers of MG and DG with a run time as
short as possible was intended. Therefore, different gradients
and temperatures (25, 30, and 35 °C) were tested. Finally,
chromatography was performed at 25 °C with a total run
time of 65 min and the final gradient given in the materials
and methods section (see above, HPLC-MS), leading to the
elution of FA and MG before DG and TG. Coelution was
obtained for instance for the C16:0 and C18:1 representa-
tives of FA, MG, and DG (Tables 1 and 2), but positional
isomers of MG and DG were well separated, which allowed
the reliable mass-selective detection of all investigated
C12:0-C18:1 representatives of the six lipid classes in a
single run (Fig. 1). As shown in a previous study, variances
of different components of emulsifiers can have an effect
on the techno-functional properties, e.g., varying contents
of 1,3-DG affected the drainage of aerosol whipping cream
[24]. By separation of positional isomers of MG and DG,
a comprehensive analysis of the emulsifiers is given, which
thus will provide the possibility to relate the effects of single
emulsifier constituents to techno-functional properties more
specifically.

Mass-selective detection

Evaluation and optimization of the ESI parameters for the
detection of the analytes were performed by flow injection
analysis. Fragmentor voltage, capillary voltage, and nebu-
lizer gas pressure were optimized regarding the sensitivity
by direct injection of 5 puL of individual standard solutions
of the C18:0 representatives of each lipid class at concen-
trations of 2.5 mg/L. For this purpose, different eluents and
eluent compositions were used. To optimize the parameters

100 —
80 —
60 —

40 |

relative signal intensity [%]

20

for FA and MG, only eluent A, for DG, a mixture of eluent
A and B at a ratio of 50:50 (v/v), and for TG, a mixture of
eluent A and B at a ratio of 30:70 (v/v) were investigated.
Final parameters are given in the materials and methods
section (see above, HPLC-MS). ESI™ offered the highest
sensitivity for FA and MG, while ESI™ provided the highest
signal intensity for DG and TG. The separation and elution
order of the lipid classes allowed their detection in two time
windows starting with ESI™ for FA and MG and switching
to ESI™ for DG and TG after the elution of the last FA, i.e.,
stearic acid (switch at 9.15 min). Tables 1 and 2 list the m/z
values that delivered both highest repeatability of results and
lowest relative standard deviations (RSD), and which were
used for quantitation of the analytes. In ESI™, deprotonated
molecules and formate adducts were best suited, while in
ESI* sodium and ammonium adducts and protonated mol-
ecules followed by water elimination were used. For DG,
the sum of two signals, i.e., [M+Na]* and [M+NH,]* for
1,2-DG and [M+H-H,0]* and [M+Na]* for 1,3-DG, was
used since this provided highest repeatability of the results.
Thereby, it was observed that the ammonium adducts were
more prominent for 1,2-DG than for 1,3-DG, exemplarily
shown for the C16:0 and C18:0 DG, analyzed in a solution
containing the C16:0 and C18:0 representatives of all lipid
classes (Fig. 2a and b). For 1,3-DG, in contrast, the domi-
nant ion was [M+H-H,0]".

Response factors (RF)

A strategy based on RF and requiring only six standard sub-
stances (one for each lipid class) for the quantitation of the
considered individual analytes (see Tables 1 and 2) has been
developed. Similar to the quantitation system of a recently
developed screening approach by HPTLC, which required
only one standard substance for calibration and quantitated
lipid classes with different FA as the sums [22], the RF
strategy of the HPLC-MS method applied a standard mix
(calibration standard) containing the C16:0 representatives

Fig.1 HPLC-MS chromatogram of a total standard mix, each com-
ponent at a concentration of 5 mg/L (29 analytes eluting in 21 peaks
due to partial coelution, fatty acids C12:0-C18:1, lipid classes FA,

retention time [min]

1- and 2-MG, 1,2- and 1,3-DG, and TG). For peak assignments and
coelutions, see Tables 1 and 2
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«Fig.2 HPLC-MS chromatogram (a) of a solution containing C16:0
and C18:0 representatives of all lipid classes at a concentration
of 4 mg/L for each lipid class at a ratio of 25:75 (corresponding to
1 mg/L C16:0 and 3 mg/L C18:0). Extracted ion chromatograms (b)
of m/z for dipalmitin (DP) and distearin (DS), showing the positional
isomers (1,2- and 1,3-DG) chromatographically well separated. Lin-
ear calibration graph (c¢) of C16:0 standard solutions (0.5-10 mg/L)
including sample results for 1,2-DP (circle) and 1,2-DS (diamond)
after taking the corresponding RF into account. Calibration graph
(n=1) was generated by OriginPro performing linear fitting, and
stating standard errors for the intercept and slope, respectively, of
229,959 and 44,876, and an adjusted R? of 0.9954 (standard errors
were scaled with square root of reduced Chi-square)

of the six lipid classes. The RF were determined by corre-
lating the response of a lipid representative to the response
of the respective C16:0 representative within the same lipid
class, whereat calculation considered the absolute amount
per signal (ng per peak). Due to different sensitivities of
the individual lipid classes (see below, sensitivity and cali-
bration range in the validation section), RF were calculated
in a range of 2.5-10 mg/L for FA and 1-MG, 1-10 mg/L
for 2-MG, and 0.5-10 mg/L for DG and TG, whereat both
lipid class-specific standard mixes and total standard mixes
were evaluated (see above, standard mix solutions for the
determination of RF in the materials and methods section).
Analyses were repeated three times for each concentration
of lipid class-specific standard mixes and five times for each
concentration of the total standard mixes (n=351).

Evaluation of the results revealed the RF strategy to be
well suitable for the quantitation of the different lipid class
representatives in mixtures because no remarkable differ-
ences were observed between RF determined from total
standard mixes and lipid class-specific standard mixes.
The overall RF are shown in Tables 1 and 2, with RSD for
most analytes (17 out of 23 values) <20%, while the others
showed adequate RSD of <30%. This enabled a straightfor-
ward quantitation by considering the determined RF prior to
employing the equation of calibration graphs obtained from
calibration standards containing only C16:0 representatives,
i.e., only six substances. Therefore, this strategy represents a
simple to perform, time- and cost-efficient approach for the
determination of the considered C12:0—-C18:1 representa-
tives of FA, MG, DG, and TG, without the need of redun-
dant calibrations for each analyte.

Validation
Quantitation by response factors (RF)

To validate the RF strategy applied for quantitation, solu-
tions of both different concentrations and compositions of
C16:0 and C18:0 and of C16:0 and C18:1 representatives
of the lipid classes FA, 1- and 2-MG, 1,2- and 1,3-DG, and
TG were analyzed by HPLC-MS. The suitability of the RF

strategy was determined by analyzing model mix solutions,
as the aim of the study was the analysis of the pure, com-
plexly composed commercial emulsifiers. The investigated
representatives were chosen based on the main constitu-
ents of MG and MG/DG emulsifiers. The peak areas of the
extracted total ion chromatograms (for the adducts and the
miz values, see Tables 1 and 2) were corrected by the corre-
sponding RF, allowing a simple quantitation by performing
calibration with the C16:0 representatives, as exemplarily
shown in Fig. 2¢ for 1,2-DG. The analyzed solution exempli-
fied in Fig. 2 contained the C16:0 and C18:0 representatives
of all lipid classes, with each lipid class at a concentration of
4 mg/L and a ratio of C16:0 to C18:0 of 25:75 (see above,
solutions for validation of the RF quantitation strategy in
the materials and methods section). The determined con-
centrations were compared to the target concentrations and
stated in percent (Table S3 in the Online Resource). The
calculated concentrations correlated well with the target con-
centrations, with an overall correlation for all considered
lipid class representatives (C16:0 and C18:0 or C16:0 and
C18:1), ratios (0:100-100:0), and concentrations (1-8 mg/L)
of 99%, showing the applicability and the good accuracy of
the RF quantitation strategy. Noticeable deviations (corre-
lation > 130%) were observed at a concentration of 1 mg/L
for the C16:0, C18:0, and C18:1 representatives of 2-MG
and at a concentration of 2 mg/L for the C18:1 representa-
tives of FA and 1-MG, when the respective concentrations
were close to the corresponding limit of quantitation. The
experiments showed a good repeatability for both consid-
ered concentrations and the individual representatives. Pre-
cisions, expressed as the RSD related to the concentration,
were 17% (n=169) for the 4 mg/L level and 16% (n=182)
for the 8 mg/L level, while the correlations between the
calculated and target concentrations for the different repre-
sentatives showed a precision of <22% (n= 184 for C16:0,
n=91 for C18:0, and n=76 for C18:1) for all considered
concentrations.

Sensitivity and calibration range

The sensitivity of the method, indicated by limits of deci-
sion and quantitation, was determined according to the DIN
32645 calibration graph method [23]. For this purpose,
at least five calibration standards close to the presumed
limit of decision, that show linear correlation, were evalu-
ated. The limits of decision for C16:0 representatives were
determined to 0.3-0.8 mg/L and the limits of quantita-
tion to 0.8—1.7 mg/L, respectively (Table S4 in the Online
Resource). These data correspond to limits of decision
between 0.3 and 3.3 mg/L and limits of quantitation between
0.5 and 6.1 mg/L for all investigated analytes after consider-
ing the RF.
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Based on the sensitivity, and taking the concentrations
for which RF were determined into account (see above,
Response factors (RF) in the result section and footnotes in
Tables 1 and 2), calibration ranges for the analysis of emulsi-
fiers were set to 2—10 mg/L for FA and 1-MG, 1-10 mg/L for
2-MG, and 0.5-10 mg/L for 1,2-DG, 1,3-DG, and TG. Cali-
brations for PA, 1- and 2-MP, and 1,2- and 1,3-DP showed
a linear correlation with high coefficients of determination
(R*=0.9941 for PA, R>=0.9932 for 1-MP, R?=0.9958 for
2-MP, R*=0.9934 for 1,2-DP, and R*=0.9910 for 1,3-DP
RSD <0.6% each, n=2), while for TG, a polynomic relation,
also with a high coefficient of determination (R*=0.9996,
RSD <0.04%, n=2), showed a better correlation.

Analysis of E 471 emulsifiers

Different E 471 emulsifiers were analyzed by the newly
developed HPLC-MS method, including six distilled
MG emulsifiers and four MG/DG emulsifiers. Dissolved
emulsifiers were studied in a wide concentration range
(5-2000 mg/L) to get comprehensive knowledge of their
compositions. In case of high concentrations with presum-
ably high amounts of MG, detection only took place in the
ESI' mode to protect the mass spectrometer from high ana-
lyte loads. After considering the corresponding RF, quantita-
tion was performed with calibration functions of the C16:0
representatives. Contents of individual FA, 1- and 2-MG,
1,2- and 1,3-DG, and TG were calculated as a percentage,
additionally taking the previously determined correlation
between the calculated and the target concentrations into
account (Table S3 in the Online Resource). To determine
the contents of 1,2-diolein, the RF and the correlations

determined for 1,3-diolein were used since no standard sub-
stance was available.

The results for the different lipid classes of the inves-
tigated distilled MG and MG/DG emulsifiers are given in
Tables 3 and 4 (for detailed values, see Tables S5—14 in the
Online Resource). The analysis of the samples confirmed the
suitability of the developed HPLC-MS method in combina-
tion with the RF quantitation strategy for the target analytes,
indicated by a good precision of RSD <20% for all determi-
nations of the individual analytes. However, during sample
evaluation and comparison of the results with specified data
of the manufacturers, several clear differences were found
for some emulsifiers. On the one hand, deviations could be
explained by the raw material, i.e., the vegetable oils from
which the emulsifiers were manufactured and, thus, their
FA compositions that can vary between different batches of
the product. On the other hand, the developed method did
initially not consider DG and TG that contain different FA
(also named “mixed DG and TG”). However, the presence
of such DG and TG is possible and quite likely due to the
hardly controllable reactions during the production of the
emulsifiers. In addition, rearrangements during storage of
emulsifiers are known [24]. These aspects were therefore
also part of the following discussion.

The raw materials of the emulsifiers IV and V were two
types of sunflower oil (not or partially hydrogenated) and
the raw material of emulsifier III was rapeseed oil (partially
hydrogenated), thus also comprising a noticeable amount of
linoleic acid (C18:2), of which representatives no RF were
available. For an estimation of these contents, the amounts
of these derivatives (see Table S1 for detailed information
on m/z values in the Online Resource) were calculated under

Table 3 Determined

. Emulsifier | I 1 v \% VI

contents [%] of fatty acids
(FA), monoacylglycerols FA nd® nd? 21 nd? nd? nd?
(MG), diacylglycerols (DG), (ns) (ns) (ns) (IlS) (ns) (ns)
and triacylglycerols (TG)
in different distilled MG Sum MG 94.8 85.4 89.5 49.7 87.7 934
emulsifiers of the type E 471 Sum MG 94.8 854 92.8 97.2 97.1 93.4
by HPLC-MS. Specified values (=90 (=90) (=90) 97 (=90) (=90)
according to specification Sum DG 0.9 0.8 1.2 0.3 1.8 1.0
sheet/certificate of analysis Sum DG® 0.9 0.8 1.2 1.2 1.8 1.0
of manufacturers are given in (ns) (ns) (ns) (ns) (ns) (ns)
brackets (ns, not specified). For TG nd® nd? <LOQ® nd? nd? <LOQ®
more detailed data, see Tables (ns) (ns) (ns) (ns) (ns) (ns)
S$5-10 in the Online Resource

Total 95.7 86.2 92.8 50.1 89.5 94.4

Total® 95.7 86.2 96.2 98.4 98.9 94.4

@ Springer

2Not detectable, < limit of decision

®Including amounts of C18:2 representatives, calculated with RF and correlations of the C18:1 representa-
tives. No C18:2 representatives of MG were detected in emulsifiers I, II, and VI. C18:2 representatives of
DG were only detected in emulsifier [V

“Limit of quantitation
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Table 4 Determined contents [%] of fatty acids (FA), monoacylglyc-
erols (MG), diacylglycerols (DG), and triacylglycerols (TG) in differ-
ent MG/DG emulsifiers of the type E 471 by HPLC-MS. Specified
values according to specification sheet/certificate of analysis of manu-
facturers are given in brackets (ns, not specified). For more detailed
data, see Tables S11-14 in the Online Resource

Emulsifier VI VIII IX X
FA nd® 7.1 1.9 2.4
(ns) (ns) (ns) (ns)
Sum MG 38.7 30.6 52.7 64.4
Sum MG 45.0 30.6 52.7 64.4
(32-52) (=30) (=60) (64.0)
Sum DG 24.5 16.2 122 13.5
Sum DG* 24.5 31.1 22.0 23.9
(30-50) (ns) (ns) (30.6)
TG 2.7 2.1 0.5 0.5
(5-20) (ns) (ns) 3.1
Total 66.0 56.0 67.3 80.8
Total® ¢ 72.2° 70.9° 77.0° 91.2¢

Not detectable, < limit of decision

bIncluding amounts of C18:2 representatives, calculated with RF and
correlations of the C18:1 representatives. No C18:2 representatives
were detected for emulsifiers VIII, IX, and X

‘Including amounts of mixed DG that contain C16:0 and C18:0 FA,
calculated with mean RF and correlations of 1,2-DG and 1,3-DG of
DG containing exclusively C16:0 or C18:0, respectively. No mixed
DG with C16:0 and C18:0 FA were detected in emulsifier VII

a
] 3
8.8
80 |
491
55.3
54.1
60 | 72.6
= Il cis:2
S, 108 c18:1
E - 84.8 C18:0
[Jc1e0
40 -
336
. 447 425
14.4
6.5
36
9.6 10.8 71 6.4
0

T T T T T T
emulsifier Ill emulsifier IV emulsifier V emulsifier VIl emulsifier IX emulsifier X

emulsifier

Fig.3 Percentage fatty acid (FA) compositions determined by
HPLC-MS of six emulsifiers (a) (percentages rounded to one deci-
mal digit) and FA compositions of the vegetable oils (untreated) used

consideration of the RF (Tables 1 and 2) and correlations
(Table S3 in the Online Resource) determined for the cor-
responding C18:1 derivatives. To check how realistic the
data obtained was, the FA compositions (Fig. 3a) of three
distilled MG and three MG/DG emulsifiers were calculated
by summarizing the amounts of the C16:0, C18:0, C18:1,
and C18:2 representatives (initially determined as FA, MG,
DG, and TG) and calculating their relative contents.
According to the specification sheet, emulsifier III origi-
nated from partially hydrogenated rapeseed oil. The pres-
ence of lipid classes with unsaturated FA, wherein the
C18:2 content was lower than that of unprocessed rapeseed
0il (~4% compared to 15-30% [25], Fig. 3), and a higher
amount of C18:0 compared to the native oil (~ 14% com-
pared to <3% [25], Fig. 3), affirmed its partial hydrogena-
tion. Both emulsifiers IV and V consisted of sunflower oil,
whereat for emulsifier IV refined oil and for emulsifier V
high-oleic sunflower oil were specified. Based on the results
for the lipid class representatives obtained by HPLC-MS
analyses, the calculated FA compositions (Fig. 3a) matched
very well the known FA compositions of the native oils used
for the emulsifiers’ production (Fig. 3b [25]). These findings
confirmed the HPLC-MS method including the RF quanti-
tation strategy, and additionally the estimation performed
for C18:2 representatives, as a suitable approach. Espe-
cially for emulsifier IV, the estimation added clarification to
the conspicuousness regarding the absolute amount, since

FA composition of MG emulsifier [%]

FA emulsifier Il emulsifier IV emulsifier V

(partially hydrogenated (refined sunflower oil) (high-oleic sunflower oil)

rapeseed oil)
C16:0 25-7.0 5.0-7.6 2.6-5.0
C18:0 0.8-3.0 2.7-6.5 2.9-6.2
C18:1 51-70 14-39 75-91
C18:2 15-30 48-70 2.1-17
FA composition of MG/DG emulsifier [%]
FA emulsifier VI emulsifier IX emulsifier X
(not specified) (fully hydrogenated palm  (hydrogenated palm
based oil) glycerides)
Cc16:0 5.7 39-48 39-48
c18:0 1.7 3.5-6.0 3.5-6.0
C18:1 79 34-44 34-44
c182 12 9.0-12 9.0-12
sum
c18 47-62 47-62

2 FA composition of the emulsifier according the specification sheet

for the production of the emulsifiers according to Codex Alimenta-
rius [25] and the specification sheet, respectively (b). Respective raw
materials are given in brackets
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consideration of the C12:0-C18:1 representatives only deliv-
ered merely 50% of the emulsifier’s components (Table 3).

The specification sheet of emulsifier VII did not men-
tion the vegetable oil but data for the FA composition that
matched well the composition calculated after determina-
tion of the lipid class representatives by HPLC-MS (Fig. 3).
For emulsifiers IX and X, produced from fully hydrogen-
ated palm-based oil and hydrogenated palm glycerides,
respectively, similar FA compositions were determined by
HPLC-MS (Fig. 3a). Generally, the obtained data for the
C18:0 and C16:0 contents of emulsifiers IX and X matched
very well the data of hydrogenated palm oil (sum of C18
fatty acid moieties and C16:0 [25], Fig. 3), with still a small
amount of unsaturated C18:1 found in emulsifier X (Fig. 3a).
Moreover, the results obtained by the developed HPLC-MS
method were in accordance with the results obtained via
GC-FID, shown by comparison with previously published
data [4]. Two of the investigated emulsifiers have already
been analyzed in the previous study by GC-FID and the
results matched very well. For emulsifier V, about 80%
C18:1 and 10% C18:2 were determined by HPLC-MS
(Fig. 3a), which corresponded very well to 80% C18:1 and
10% C18:2 for a long-chain unsaturated MG emulsifier ana-
lyzed by GC-FID in the previous study [4]. Likewise, the FA
composition of emulsifier IX that showed about 45% C16:0
and 55% C18:0 (Fig. 3a) matched very well the composi-
tion of a medium-chain saturated MG/DG emulsifier (43.3%
C16:0 and 54.5% C18:0) analyzed by GC-FID [4].

To check the assumption of present DG and TG contain-
ing different FA, exemplarily the DG containing a C16:0
and a C18:0 FA was considered (see Table S2 for detailed
information on m/z values in the Online Resource). Amounts
were estimated for emulsifiers VIII, IX, and X, after tak-
ing the mean RF and correlations for 1,2-DG and 1,3-DG
that exclusively contained C16:0 or C18:0 into account.
Although the consideration of all theoretically possible DG
and TG with varying FA was not in the focus of this study,
the results for the estimation of the DG with different FA
(C16:0 and C18:0) (Table 4) emphasized the great possi-
bilities of HPLC-MS and the comprehensive information
provided by this cost-efficient method.

Overall, the determined amounts of MG for all emul-
sifiers matched well the quantities given in the specifi-
cation sheets of the manufactures (Tables 3 and 4 and
Tables S5-14 in the Online Resource), and in all except
one (emulsifier VIII) of the emulsifiers, an amount of MG
and DG >70% was determined, as claimed by Commis-
sion Regulation (EU) No 231/2012 [1]. Emulsifier VIII
showed only ~60% of MG and DG, whereas the MG
content of ~30% fitted the specification. Similarly, MG
contents of emulsifiers VII and X matched the specified
values, while the DG amounts were determined to ~24%
compared to ~30% stated in the specification. None of

@ Springer

the considered TG were found in distilled MG emulsi-
fiers while in one of them (emulsifier III), FA were deter-
mined (Table 3). In MG/DG emulsifiers, both TG (<3%)
and FA were determined (Table 4), with two emulsifiers
showing ~2% (emulsifiers IX and X) of FA and one ~7%
(emulsifier VIII).

Conclusions

The developed HPLC-MS method was shown to be well
suited for the separation and sensitive determination of 29
considered analytes within 21 peaks from the lipid classes
FA, MG, DG, and TG with the fatty acids C12:0-C18:1,
when also the separation of positional isomers was ena-
bled. This provided a relatively simple and rather inex-
pensive approach that offered the comprehensive analysis
of E 471 emulsifiers applying a single quadrupole mass
spectrometer. Quantitation by the developed RF strategy,
while calibrating with only the C16:0 representatives, pro-
vided reliable results without the need of plenty individual
standard substances. The simultaneous analysis of all lipid
classes with a commonly applied HPLC—(ESI)MS system
offered the determination of the constituents of MG and
MG/DG emulsifiers and, thus, represents a meaningful
alternative to other methods covering only single lipid
classes or to the HPTLC screening method that offers sum
values for each lipid class. Moreover, based on the ana-
lyzed quantities of the single constituents, an additional
statement about the FA composition is possible. Therefore,
the analysis of emulsifiers by the developed HPLC-MS
method will enable a reliable quality control for manufac-
turers and give food producers the opportunity to specifi-
cally select and dose these food additives according to the

required techno-functional properties in foodstuffs.
Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00217-021-03684-3.
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